ABSTRACT
INTRODUCTION
Studies of subduction-related magmatism are an effective way to track the geometry and history of past convergent margins. For western North America, the age and composition of igneous rocks of the Cretaceous-Tertiary magmatic arc have provided a detailed and complex record of subduction of the Farallon plate. In this paper, we use the term ''Laramide magmatic arc'' in reference to Late Cretaceous-early Eocene magmatic activity that occurred during a late stage of this subduction interval (Miller et al., 1992; Lipman, 1992) . This magmatism was coeval with rapid subduction of the Farallon plate beneath western North America between 80 and 40 Ma (Coney and Reynolds, 1977; Engebretsen et al., 1984) . The distribution of ages for intrusive rocks associated with the Laramide magmatic arc has led to important inferences about the dynamic geometry of the subduction zone. A general pattern of eastward-decreasing ages suggests inboard migration of the arc. In turn, this migration has been used to infer a progressively flatter angle of subduction (Coney and Reynolds, 1977; Keith, 1978; Cross and Pilger, 1978) .
Late Cretaceous-early Tertiary igneous rocks are abundant in northwestern Mexico ( Fig. 1 ) with age patterns similar to those in the southwestern United States. Following emplacement of the youngest plutons of the Peninsular Ranges batholith in Baja California at ca. 100 Ma (Silver and Chappell, 1988) , magmatism generally migrated eastward across the state of Sonora (Anderson and Silver, 1974; Clark et al., 1982; Damon et al., 1983a) . The full eastern extent of these rocks is concealed beneath the vast cover of the middle Tertiary Sierra Madre Occidental volcanic province (McDowell and Clabaugh, 1979; McDowell et al., 1990) . To the east of the sierra in the state of Chihuahua, this magmatism is sparsely represented by small plutons and by local volcanic sections with ages from 68 to 55 Ma (McDowell and Mauger, 1994) .
Time and space patterns for this magmatic arc have been derived almost entirely from plutonic rocks. K-Ar geochronology for the volcanic rocks has failed to produce reliable results because of their common propylitic alteration. The area of this study, located ϳ150 km southeast of Hermosillo, is referred to here as the ''Four Quads'' area ( Fig. 1) . It is bounded by lat 28Њ15Ј⌵ and lat 28Њ45ЈN, and long 109Њ20ЈW and long 110Њ00ЈW, and it includes the Tecoripa (H12-D64), Tonichí (H12-D65), Suaqui Grande (H12-D74), and La Dura (H12-D75) 1:50 000 topographic map quadrangles of the Instituto Nacional de Estadística Geografía e Informática (INEGI). The area was chosen because it has been mapped in moderate detail and because exposures of Cretaceous and older rocks are prominent, including both plutonic and volcanic components of the Laramide magmatic arc. In this study, we present new U-Pb geochronology for the volcanic rocks of the arc. Combined with available geochronology for the plutonic rocks, these results significantly change prior ideas about the time of inception of arc magmatism and its duration in east-central Sonora.
REGIONAL SETTING
The magmatic record for northwestern Mexico reflects a convergent continental margin since perhaps Late Triassic time (Tosdal et al., 1989; Grajales-Nishimura et al., 1992; Sedlock et al., 1993; Lopez, 1997) . Exposures of middle and Late Cretaceous batholiths are common along the entire western margin of Mexico. These include the Peninsular Ranges batholith of Baja California (Silver and Chappell, 1988) , the Sonora batholith (Damon et al., 1983b) , the Sinaloa batholith (Henry and Fredrikson, 1987) , and similar large plutons exposed in southern Mexico (Ortega-Gutierrez et al., 1992) . The Laramide magmatic arc in northwestern Mexico also includes presumed Cretaceous volcanic rocks that are generally of intermediate composition and that have received considerably less attention. These rocks are well exposed in Sinaloa (Henry and Fredrikson, 1987) , in southwestern Chihuahua (Ortega-Gutierrez et al., 1992) , and in western Durango, where they have been called the lower volcanic complex (McDowell and Clabaugh, 1979) . In a broad sense, these volcanic rocks have been regarded as coeval with the previously mentioned plutons. With rare exceptions, severe alteration complicates direct age determinations. Among the few published ages for volcanic rocks of the lower volcanic complex are 52 Ma by K-Ar near Durango City (McDowell and Keizer, 1977) and 68 Ma (U-Pb and K-Ar) in central Chihuahua (McDowell and Mauger, 1994) .
The state of Sonora contains abundant exposures of magmatic rocks that are generally of middle Cretaceous-middle Tertiary age (Fig. 1) . A limited amount of geochronology, discussed subsequently, suggests a pattern of eastward-decreasing age for the oldest dated rocks, from ca. 90 Ma at the coast to ca. 60 Ma near the eastern state border. Across this entire geographic range, the batholiths remain calc-alkalic and dominated by granodioritic and tonalitic compositions.
Volcanic rocks of presumed Late Cretaceous age are common in the eastern half of Sonora (Fig. 1) . The near absence of equivalent volcanic rocks to the west may be attributed either to a lack of emplacement or to early Tertiary erosion. Indirect evidence of age includes fossils from intercalated sedimentary layers and ages from younger plutons. Diagnostic fossils of Late Cretaceous age are reported by Dumble (1901) , King (1939), and Grijalva-Noriega (1995) . Descriptions of clearly intrusive contacts of plutonic rocks with the volcanic sequences are rare, but plutons appear younger than adjacent volcanic rocks at exposed levels. Alteration of volcanic rocks appears to have accompanied pluton emplacement (Solano-Rico, 1975) . At a few localities (Fig. 1) , K-Ar biotite dates from plutons provide minimum ages for adjacent volcanic rocks, including at Bacanuchi (67-62 LATE CRETACEOUS-EARLY TERTIARY MAGMATISM, EAST-CENTRAL SONORA Ma-González- León et al., 2000) , Maicova (63 Ma-Bockoven, 1980), and Oposura (62 Ma-Roldán-Quintana, 1994) . A few Late Cretaceous K-Ar ages, discussed in the next section, have been reported from the volcanic rocks themselves in northern Sonora.
GEOLOGY OF THE FOUR QUADS AREA

Pre-Laramide Magmatic Arc
The Four Quads area is located south of known exposures of Laurentian crystalline basement. The oldest exposed rocks are eugeoclinal deposits of Ordovician age, which lie structurally above Paleozoic miogeoclinal clastic and carbonate rocks in the northern part of the area (Fig. 2) . The Paleozoic rocks are complexly deformed. A deltaic sequence of clastic rocks and coal layers of Triassic age (Barranca Formation of Wilson and Rocha [1949] , later renamed Barranca Group by Alencaster [1961] ) rests unconformably upon the Paleozoic rocks. The Barranca Group is restricted to the northern half of the Four Quads area in an east-trending belt that has been interpreted as a rift basin by Stewart and Roldán-Quintana (1991) . The coal deposits of the Barranca Group were assigned to the Santa Clara Formation by Wilson and Rocha (1949) . This formation also contains thin beds of rhyolitic tuff (zircon U-Pb age of ca. 240 Ma; N. Riggs, 1999, personal communication) that are the oldest known igneous rocks in the Four Quads area. In Figure 2 , all Paleozoic and Triassic rocks are represented as a single map unit.
Laramide Magmatic Arc-Plutonic Rocks
Intrusive rocks of the Sonoran batholith are widespread in the Four Quads area, where they commonly are associated spatially with volcanic rocks (Fig. 2) . Contacts between the two units are largely covered or sheared, although at some contacts, plutons appear to intrude the volcanic rocks. Outcrops range from isolated plutons (many too small to indicate in Fig. 2 ) to large tracts of apparently continuous intrusive complexes. We have recognized distinct pluton types that are common throughout the area, but internal contacts have not been thoroughly mapped. The plutons are generally equigranular and moderately heterogeneous in composition. Grain size varies from coarse to medium. Porphyritic texture is restricted to small bodies that are associated with zones of alteration and mineralization. Plutonic rocks are calc-alkalic and predominantly intermediate from granodiorite to quartz monzonite, but mafic (ϳ55% SiO 2 ) to felsic (Ͼ70% SiO 2 ) rocks also crop out (McDowell and Roldán-Quintana, 1993) .
Laramide Magmatic Arc-Volcanic Rocks
The volcanic component of the Laramide magmatic arc is exposed throughout the southernmost two-thirds of the Four Quads area (Fig. 2) . The volcanic rocks lie unconformably upon sedimentary rocks of the Triassic Barranca Group. Bedding generally strikes N30-50ЊW and dips 20-40ЊNE. Locally the dips are as steep as 60Њ. The rocks are strongly fractured and faulted, but folds were not observed at outcrop scale or on aerial photographs. The general consistency of the bedding attitudes suggests that the rocks may be part of a homocline similar to structures described by Davis (1979) for Laramide deformation in southeastern Arizona. Alternatively, the tilting may be due to Neogene extension.
These volcanic rocks were first described at Arroyo El Obispo (loc. B in Fig. 2) by Dumble (1901) , who noted sedimentary interbeds containing poorly preserved siliceous fossils from which he assigned a Cretaceous age to the sequence. Wilson and Rocha (1949) designated the volcanic rocks as the Tarahumara Formation and described the type section in Arroyo Tarahumara, ϳ20 km southwest of Tonichí (loc. A in Fig. 2 ). At this locality, the slightly tilted, 200-m-thick section includes lava flows, volcanic agglomerate and breccia, but no pyroclastic, volcaniclastic, or sedimentary rocks (Fig. 3A) . Wilson and Rocha (1949) described the volcanic rocks as highly altered and aphanitic and as ranging in composition from andesite to latite. Less altered quartz latite occurs as sills or dikes intruding the section.
Arroyo El Obispo is a northwest-trending tributary of the Rio Yaqui ϳ9.5 km west of the town of Onavas (Fig. 2) . About 500 m of the Tarahumara Formation crops out in the arroyo with no base exposed (Fig. 3B) . It is unconformably covered by a Tertiary rhyolitic sequence, which contains a unit dated at 27.1 Ϯ 0.9 Ma by K-Ar on sanidine (McDowell et al., 1997) . The section contains porphyritic dacite dikes and stocks that produced areas of significant oxidation and pervasive hydrothermal alteration. A sedimentary sequence that includes limestone with black chert, sandstone, siltstone, and interbedded volcaniclastic sedimentary units is present in the upper part of this section.
The Tarahumara Formation in the Arroyo El Obispo section can be divided into three members (Fig. 3B ). The lower member has ϳ20 m of well-stratified rhyolitic tuffs at its exposed base. Above the well-stratified tuffs is 145 m of chloritized lithic tuff of intermediate composition that is generally highly silicified or propylitized. Conformably above this sequence lies a rhyolitic lithic tuff with a zircon U-Pb age of 72.5 Ma (see Geochronology section for discussion of U-Pb results). The lower member continues with siltstone and lithic tuff of intermediate composition. The middle member of the formation consists of 60 m of limestone with black chert as lenses or thin beds. The limestone is interbedded with thin lenses of volcanic arenite and contains algal material and fragments of palm-tree roots. On the basis of these fossils, a freshwater environment, probably small lakes, has been interpreted for deposition of these sedimentary beds (Ricalde-Moreno and Cevallos-Ferriz, 1993) . Conformably on top of the limestone are 40 m of cross-bedded volcanic arenite.
The upper member begins with a 60-m-thick, crystal-rich rhyolitic ignimbrite that shows less alteration than the underlying units. This unit has a U-Pb age of 69.7 Ma. The section continues with 70 m of fine-grained andesite flows and is capped with 125 m of a lithic, felsic ignimbrite that has abundant pumice fragments.
Arroyo La Uvalama-Cerro Tarais is ϳ14 km southeast of the town of Suaqui Grande (loc. C in Fig. 2 ). Two traverses there are separated by 3 km and have been projected into a single section (Fig. 3C ). The combined minimum thickness of 2500 m is estimated from strike and dip of discontinuous outcrops. This thickness must be a minimum estimate, because the base is not exposed, and the upper contact is an erosion surface. Also, no repetition of the section was recognized in the two traverses. As at Arroyo El Obispo, this section is also divided into three members (Fig. 3C ). The lower member consists predominantly of ϳ1400 m of dacitic(?) lava flows containing abundant epidote, along with thin layers of ignimbrite and rhyolitic tuff. U-Pb ages from units of the lower member are 89.0 Ma from a silicified dacitic(?) ignimbrite at the base of the sequence and ca. 70.2 Ma from a felsic lithic tuff within the upper part of the lower member (Fig. 3C) . Conformably above is the middle member, at least 500 m thick and composed of volcanic arenite and siltstone, agglomerate, and andesitic tuff, along with thin interbeds of limestone. The stratigraphic break between the two traverses occurs just above the lower contact of the middle member (Fig.  3C ). The upper member consists of ϳ1000 m of a rhyolitic crystal-rich tuff, interbedded with thin flows(?) of rhyodacite. No datable material was obtained from the middle or upper members.
Information on the Tarahumara Formation at the eastern and western margins of the Four Quads area is less complete. No intervals of clastic or volcaniclastic rocks were observed at either location, precluding recognition of a lower, middle, and upper part of the sequence. At the western margin, the formation consists predominantly of massive, altered andesitic to dacitic flows at least 500 m thick. The age of a pyroclastic unit near the top of this section is 90.1 Ma (sample 1). Near the eastern margin of the area, the formation is ϳ150 m thick, including a thin interval of interlayered tuff and intermediate lava flows. The age of a tuff layer within this section is 72.6 Ma (sample LATE CRETACEOUS-EARLY TERTIARY MAGMATISM, EAST-CENTRAL SONORA 6). This section is unconformably covered by a thick, unaltered, crystal-rich ignimbrite with a K-Ar age of 55 Ma (McDowell and Roldán-Quintana, 1993) .
Within the Four Quads area, the Tarahumara Formation is an accumulation of heterogeneous rock types derived from numerous and variable sources. Approximately twothirds of the formation is andesitic to dacitic and comprises massive, coarsely porphyritic (to 1 cm) lava flows tens of meters thick, porphyritic domes, and volcanic breccias and agglomerates with autolithic clasts as large as 1 m. Outcrops of these rock types cannot be far from their sources. Fine-grained volcaniclastic materials and tabular, less porphyritic lava flows traveled farther, perhaps during intervals when local sources were quiescent.
Pyroclastic materials are another major component of the Tarahumara Formation, as indicated by the presence of abundant lithic fragments, broken phenocrysts, poorly preserved shard outlines, and discoidal patches of variable color and grain size of alteration minerals that may represent original fiamme or pumice fragments. These pyroclastic rocks, which include those dated for this study, are potentially the farthest traveled component of the Tarahumara Formation. Strata interpreted as ignimbrite deposits typically have numerous lithic fragments ranging in size from 1 to 5 cm and abundant phenocrysts as large as 1 cm. Their outcrops appear to be outside of, but only at modest distance from, presumed sources. Intense alteration has limited study of lateral variations and of distance and direction to sources for specific units. Nonetheless, the overall setting of the 50 km ϫ 60 km Four Quads area appears to have been entirely within the confines of a regional magmatic arc during the entire time represented by the rocks of the Tarahumara Formation.
Post-Laramide Magmatic Arc
About 30% of the Four Quads area is underlain by volcanic and clastic rocks that are younger than the Laramide magmatic arc (Fig.  2) . These include felsic volcanic rocks that are the westernmost remnants of the Sierra Madre Occidental volcanic province (McDowell et al., 1990; McDowell, 1993) . Their original thickness was probably ϳ100 m, ϳ10% of the 1000 m average for the main part of the province. Also present are mafic lavas that are chemically identical to the basaltic andesites that overlie the felsic sections in the Sierra Madre Occidental field (Cochemé and Demant, 1991; McDowell, 1993; McDowell et al., 1997) . Clastic sediments, prominently exposed in the area, were deposited during the late Tertiary in linear north-northwest-trending basins bounded on at least one side by normal faults (McDowell et al., 1997) . By determining numerous K-Ar ages for intercalated volcanic rocks within these clastic sections, McDowell et al. (1997) established that Basin and Range extension began in the area by 27 Ma. In Figure 2 , all Tertiary and Quaternary sedimentary and volcanic rocks are shown as a single unit.
GEOCHRONOLOGY
For U-Pb geochronology, samples of 10-15 kg were taken from conformable layers within the Tarahumara Formation that are clearly not reworked and preferably of felsic composition. The state of alteration commonly necessitated a careful inspection to avoid volcaniclastic material. Care was taken at the outcrop and again during rock crushing to eliminate weathering rinds, veins, and other secondary features. Megascopic and microscopic inspections indicate that all six samples analyzed are definite or probable ash-flow tuffs. All contain small, matrix-supported, lithic fragments of mafic to intermediate lava that are unlikely to contribute significant zircon and are probably only slightly older than the host unit.
The features of all zircons recovered are characteristic of magmatic zircon. Generally, they are stubby (ϳ2:1 length/width ratio), pale pink, euhedral or broken grains, with a range of size from 50 to 125 m. A subordinate population of elongate needles occurs in most samples. Physical size and morphology were the most convenient features used to separate distinct subpopulations for analysis.
Selection and preparation of zircons, U-Pb chemistry, and mass spectrometry followed standard techniques (see Appendix). During the course of this study, installation of ioncounting equipment on the mass spectrometer permitted a reduction in target sample size from 0.3 mg to 0.05 mg (ϳ50 grains). The smaller sample size enabled rigorous inspection of individual grains with a petrographic microscope. Fractions prepared with this approach yielded a higher incidence of concordant data points (Fig. 4) .
In the remainder of this section, a description of each sample is given, including characteristics of the zircon, along with the U-Pb results and interpretation of ages. The analytical data, along with location coordinates, are given in Table 1 , and U-Pb concordia diagrams for each sample are in Figure 4 . The fractions analyzed by ion-counting techniques have been shaded in the plots. The localities are described from west to east (Fig. 2) .
Sample 1
Sample 1 is from a probable tuff intercalated with a sequence of intermediate-composition lava flows near the western boundary of the Four Quads area (Fig. 2) . The matrix is totally recrystallized with a modest degree of carbonate replacement. Altered phenocrysts of plagioclase and possibly of biotite are present, but no primary quartz was observed. Two zircon fractions, both consisting of Ͻ50 grains, were obtained from the least magnetic material (Ͻ5Њ side slope of magnetic separator), and differ only in grain size. The analytical points are concordant and overlapping (Fig.  4A) 
Samples 2 and 3
Samples 2 and 3 were collected from the lower part of the section at Arroyo La Uvalama-Cerro Tarais (Fig. 3C) . Sample 2 is a moderately crystal-rich tuff that occurs within dacitic flows near the base of the exposed section. Broken phenocrysts and lithic fragments suggest a pyroclastic origin, but the rock is pervasively altered. Feldspar and quartz were original phenocrysts, and biotite may also have been a primary phase. Four analyzed zircon fractions, selected from the nonmagnetic (1Њ side slope) component, include small, large, and elongate grains. A fraction analyzed by ion-counting was reselected from the small and medium grain-size populations. These four fractions are analytically discordant, although the reselected fraction is closest to the concordia and has the lowest content of common Pb. A least-squares regression through this tight cluster of points has a lower intercept with the concordia at 89.0 Ϯ 0.8 Ma (Fig.  4B) , which is interpreted as the time of eruption and emplacement of this volcanic rock.
Sample 3 is a crystal-rich tuff ϳ1000 m higher stratigraphically than sample 2. There appears to be no significant disconformity or hiatus between the two sampled positions (Fig. 3C) . The rock contains significant secondary carbonate. Lithic fragments of finegrained porphyritic volcanic rocks are present, as are abundant phenocrysts of feldspar, rare quartz phenocrysts, and possible altered amphibole. Three zircon fractions were separated from different magnetic components (see Ta- ble 1). The analytical points are strongly discordant, indicating significant inherited zircon. The points are collinear with ample spread and define a lower-intercept age of 70.2 Ϯ 0.6 Ma (Fig. 4C ). This result is interpreted to represent the time of eruption and emplacement of the tuff. The regression also yields a precise upper-intercept age of 1448 Ϯ 10 Ma.
Samples 4 and 5
Samples 4 and 5 are from the section of interstratified sedimentary and volcanic layers in Arroyo El Obispo (Fig. 3B) . Sample 4, from near the base of the section, is a heavily altered crystal-rich tuff with abundant lithic fragments of fine-grained volcanic rocks. Altered plagioclase phenocrysts are present as large single grains and glomerocrystic clusters. Large books of biotite are recognizable, but no quartz was noted as phenocrysts. Four zircon fractions were analyzed, all from a nonmagnetic (1Њ side slope) split. Two of the data points are concordant and overlapping, and two other points are slightly off the concordia (Fig. 4D) . The mean 206 Pb/ 238 U age of 72.5 Ϯ 0.5 Ma for the two concordant fractions is interpreted as the age of emplacement.
Sample 5 is from an ignimbrite ϳ150 m higher in the same section. The sampled layer is just above a thin-bedded freshwater limestone that contains remains of palm trees and possible ostracods. The unit has a moderate crystal content with plagioclase phenocrysts but no quartz. The groundmass retains a faint shard texture, and carbonate has preferentially replaced the original pumice. Lithic fragments are rare. Three zircon fractions from a nonmagnetic (1Њ side slope) split were analyzed. One fraction is concordant, and the other two are slightly discordant (Fig. 4E ). These form a linear array with a lower-intercept age of 69.7 Ϯ 0.6 Ma, which is interpreted as the time of emplacement of the tuff.
Sample 6
Sample 6 is a tuff from an isolated exposure of the Tarahumara Formation near the eastern border of the Four Quads area (Fig. 2) . Despite extensive carbonate replacement of groundmass and partial carbonate replacement of feldspar phenocrysts, fiamme texture is well preserved in thin section. Phenocrysts include abundant feldspar and embayed quartz. Within the quartz embayments shard outlines are preserved. Altered biotite is also present as phenocrysts. Of three zircon fractions prepared from a nonmagnetic (2.5Њ side slope) split, two points overlap on concordia and the third is slightly discordant (Fig. 4F) . A regression through the points gives a lower-intercept age of 72.6 Ϯ 0.8 Ma, which is taken as the emplacement age of the tuff.
DISCUSSION Emplacement Ages of Tarahumara Formation
All six of the analyzed samples are characterized by one or more concordant or nearly concordant points or by an acceptable linear array that projects to a well-determined lower intercept. In either situation, the resulting dates are interpreted to define the time of emplacement for the host volcanic rocks. The emplacement ages form two groups: two ages are 90.1 and 89.0 Ma, and four are between 72.6 and 69.7 Ma. Both age groups are consistent with paleontological evidence from intercalated sedimentary units of the Tarahumara Formation (Dumble, 1901) and with the general stratigraphic position of the formation above the Triassic Barranca Group and beneath the middle Tertiary felsic rocks of the Sierra Madre Occidental province (and in one case an overlying 55 Ma ignimbrite; McDowell and Roldán-Quintana, 1993) .
It is clear from the stratigraphic columns of Figure 3 and the associated discussion that these ages do not define the full emplacement history of the Tarahumara Formation. Ages are lacking from the type section, as well as from the tens of meters of felsic tuff that cap the sections in the Arroyo El Obispo and Ar- Note: Pb T -total Pb. *Radiogenic Pb. † All fractions are abraded. Unless noted all are euhedral and clear. Abbreviations are: z#-subsample number; nm#-nonmagnetic at # degrees side slope; lrg-large; med-medium; sml-small; cldy-cloudy; clrls-colorless; lt pnk-light pink; sub-subhedral; prsms-prisms; elong-elongate. § Ratios corrected for fractionation, 2 pg laboratory Pb blank, 0.2 pg laboratory U blank, initial common Pb calculated by using Pb isotopic compositions of Stacey and Kramers (1975) . Two-sigma uncertainties on isotopic ratios, calculated by using an in-house program, are reported after the ratios and refer to the final digits. These errors reflect uncertainties in measured isotopic ratios (as derived from individual mass spectrometer runs), fractionation (Ϯ0.04%/a.m.u.), and blank contribution (Ϯ25% of the stated 2 and 0.2 pg for Pb and U, respectively). See Appendix for methods. royo La Uvalama-Cerro Tarais areas (Fig. 3 , B and C). Nonetheless, we think that the two concentrations of ages define intervals of significant volcanic activity from sources no farther than 50 km from the sampling sites. Even more certainly, the dated layers are intercalated with thick sections of more locally derived volcanic materials. Additional documentation of activity in the Four Quads area is perhaps less important than the need to acquire emplacement ages on a regional scale for the Tarahumara Formation and its equivalents.
All discordant points reflect incorporation of older zircon into the magmas. This material is not present as discrete grains but rather as small cores engulfed within newly formed zircon. Hence, the material was present within the magma chamber, probably at middle-crustal depths rather than as lithic grains picked up during eruption. The U-Pb data for five of the six samples gave upper intercepts indicating Proterozoic ages, most with large uncertainties (Fig. 4) . One case (sample 3) yielded a precise upper-intercept age of 1448 Ϯ 10 Ma (Fig.  4C) . These results show that basement of Proterozoic age, at least in part formed at 1450 Ma, underlies the Four Quads area, which is 200 km to the south and east of known exposures of Precambrian basement in east-central Sonora.
Laramide Magmatic Arc in the Four Quads Area
Our U-Pb results, along with previously available age data for the Sonoran batholith, provide the most complete record for the timing of Laramide magmatism in Sonora. Published K-Ar ages for biotite, hornblende, and sericite from plutons within the Four Quads area range from 62 to 54 Ma (Damon et al., 1983a (Damon et al., , 1983b . About 8.5 km northwest of Suaqui Grande (Fig. 2) , the lower part of the Tarahumara Formation is intruded by plutons, including a granodioritic phase dated by K-Ar at 56.7 Ϯ 1.0 Ma and a quartz dioritic phase also dated by K-Ar at 58.8 Ϯ 1.3 Ma (Damon et al., 1983b) . Other results (McDowell and Roldán-Quintana, 1993 , and unpublished data) include several K-Ar biotite and hornblende ages from 67 to 57 Ma and one U-Pb zircon age of 63 Ϯ 1 Ma.
These ages are depicted in Figure 5 , both in plan view and histogram. If only pluton data are considered, the duration of Laramide arc magmatism within the Four Quads area would be estimated at 10-15 m.y. Addition of data from the Tarahumara Formation demonstrates a longer history of arc development spanning at least 35 m.y. In addition, there is no overlap between the two sets of ages. These results provide a clear example of the incomplete picture likely to result if ages are compiled only for plutonic rocks.
Clustering of the Tarahumara Formation UPb ages suggests that activity may have been sporadic during the early development of the arc. Additional dating of rocks of the Tarahumara Formation is likely to fill this gap as well as extend the known time range. Nonetheless, our results document two times of relatively intense local volcanism. To understand whether the arc is generally characterized by pulses of activity and whether such pulses are synchronous, it is obviously necessary to obtain age data for equivalent rocks at a regional scale.
Regional Considerations
The map view of Figure 5 illustrates the geochronology across a restricted segment of Ar plagioclase age for an andesite lava is 60 Ma (Gans, 1997) ; and whole-rock K-Ar dates of 74 and 66 Ma have been published for volcanic rocks of probable intermediate composition (Pubellier et al., 1995) . Primarily, however, Figure 5 illustrates that the density of age data in northwestern Mexico remains insufficient to characterize cross-arc trends without extrapolating data for long distances along the strike of the arc.
In Figure 6 , relevant ages are compiled for all of northwestern Mexico. Aside from detailed studies of the Peninsular Ranges and Sinaloa batholiths, data are still sparse (see caption of Fig. 6 for data sources). Plutons are mainly represented by K-Ar biotite and hornblende ages, but there are a few scattered UPb zircon ages. At its easternmost exposures in eastern Sonora, the Sonoran batholith is 63-49 Ma (Damon et al., 1981; McDowell and Roldán-Quintana, 1993; Gans, 1997) . Near Hermosillo in central Sonora (Fig. 6) , pluton ages are 65-55 Ma as dated by U-Pb and K-Ar (Anderson and Silver, 1974; Damon et al., 1983b) . Near the coastal margin of western Sonora, plutons have been dated by K-Ar and U-Pb at 90-65 Ma (Gastil and Krummenacher, 1977; Silver et al., 1993; Mora-Alvarez and McDowell, 2000; McDowell and Roldán-Quintana, unpublished data) .
Additional ages for volcanic rocks are available from northeastern Sonora (Fig. 6) . Three K-Ar ages of 86-81 Ma are reported for biotite and hornblende from volcanic rocks interbedded with Upper Cretaceous sedimentary rocks (Grajales-Nishimura et al., 1990) . To the southeast of Cananea (Fig. 1) , whole-rock KAr dates are 73 and 67 Ma for volcanic rocks (Meinart, 1982: Ochoa-Landín and NavarroMayer, 1979) . Near Bacanuchi (Fig. 1) , González-León et al. (2000) have reported a 59 Ma biotite Ar-Ar age, but a stratigraphically lower volcanic sequence must be older than 68 Ma. Finally, a U-Pb zircon age of 76 Ma (McDowell and Rodriguez-Castañeda, J.L., unpublished data) has been obtained for the volcanic section near El Tuli, ϳ70 km to the south of Cananea (Fig. 1) . These ages support the pattern that volcanic rocks are distinctly older than plutonic rocks presumed to be coeval. In eastern Sonora, volcanic rocks are generally older than 70 Ma, whereas ages of plutons are mostly younger. In Figure 6 , a dashed, bold, south-trending line is shown approximately bisecting Sonora; the line turns toward the southeast in southern Sonora. The plots in the lower part of Figure 6 compare general age relationships to the east and west of this line. Unfortunately, ages of volcanic rocks are lacking in western Sonora, and, because few exposures are known, the distribution of volcanism there cannot be compared to that in eastern Sonora. It is thus not clear if volcanic rocks older than 90 Ma were emplaced in western Sonora.
East of Sonora, cover of middle Tertiary rocks creates a 250-300 km gap in exposures of the Laramide magmatic arc. In central Chihuahua State, a smaller volume of stocks and related volcanic rocks are exposed that are also 68-55 Ma (McDowell and Mauger, 1994) . Along the coast of Sinaloa, pluton ages range from 102 to 46 Ma (Henry and Fredrikson, 1987; Damon et al., 1983a) . Farther east in southern Chihuahua and central Durango, plutons are 60 to 48 Ma, and two dates for volcanic rocks are 65 and 52 Ma (McDowell and Keizer, 1977; Shafiqullah et al., 1983) .
A trend of pluton ages becoming younger eastward across Sonora has been employed as crucial evidence for characterizing the evolution of subduction zones during Late Cretaceous time, specifically, the progressive shallowing of the subduction angle during this period (Damon et al., 1981; Clark et al., 1982) . The results from the Four Quads area, which include ages for supposedly coeval volcanic rocks, provide a more complex picture in two respects. First, arrival of the arc in eastern Sonora was significantly earlier than previously indicated. Second, the duration of arc activity was far longer in a single location than was previously known. Finally, in order to progress beyond an empirical compilation of the spatial distribution of ages, it is necessary to consider that arc magmatism was characterized by pulses of high intensity separated by relatively quiet intervals. It may therefore be more realistic to envision a series of overlapping (in time and space) belts of magmatism, rather than the currently accepted smooth eastward progression of igneous activity.
CONCLUSIONS
In eastern Sonora, propylitically altered and widely exposed volcanic strata of predominantly intermediate composition are of Late Cretaceous age. U-Pb dating of these volcanic rocks in the Four Quads area, where they have been described as the Tarahumara Formation, has provided two unexpected results. Six zircon U-Pb ages form two clusters, at ca. by 90 Ma, far earlier than indicated by regional compilations of age data (Damon et al., 1983a; Clark et al., 1982) . Together with UPb and K-Ar ages of plutonic rocks from the Sonoran batholith from within same area, these ages indicate an unusually long duration of Laramide magmatic arc development, from 90 to 55 Ma, in east-central Sonora. These results demonstrate that an incomplete history of arc development results from attention only to the intrusive part of Cordilleran magmatic arcs. In Sonora, Laramide arc magmatism may reflect an interval characterized by uneven intensity and arrayed in a series of eastwardstepping but overlapping and long-lived arcs, rather than a record of continuous transgressive evolution of Farallon plate subduction.
Inherited zircon components indicate that Proterozoic basement, whose age is at least in part 1450 Ma, is present in the vicinity of the Four Quads area of eastern Sonora. This indirect evidence places Proterozoic basement more than 200 km south and east of documented exposures in Sonora.
APPENDIX
Crushing and initial zircon concentration were accomplished by traditional means, using a jaw crusher, disk mill, and a Rogers gold concentrator table. Strongly magnetic grains and disk mill filings were removed using a magnetic separator in the ''free-fall'' mode. The remaining material was further concentrated by heavy liquids (bromoform and methylene iodide). Finally, progressively less magmatic materials were removed using a Franz magnetic separator, first by increasing the magnet strength and then by decreasing the side slope from 5Њ to 0Њ at maximum magnetic current. The goal was to obtain a nonmagnetic zircon-rich fraction, but the process was interrupted if yield of zircon became a concern. The most common unwanted material remaining at this point was a white, fluffy alteration phase (probably barite).
The final zircon preparation involved preliminary handpicking and separation of zircons of specific characteristics from the remaining least or nonmagnetic material. This step primarily eliminated nonzircon and zircon with obvious inclusions, interior fracturing, and/or staining. The remaining subpopulations were air-abraded with pyrite for 8-16 h. Abrasion was halted when exterior crystal faces were removed and the grains became rounded. The primary purpose of this process is to remove surface contamination and the exteriors of grains, where recent Pb loss is common. Following an acid treatment to remove pyrite from the sample, the zircon fractions were repicked using binocular and petrographic microscopes such that 0.3 mg or less were required for measurement.
Installation of ion-counting capability on the thermal ionization mass spectrometer permitted a significant reduction in the size of analyzed zircon fractions. These fractions comprised approximately 50 grains that were selected using a petrographic microscope. This involved creating a grid of 100 grains, laid out on double-stick tape or parafilm on a glass slide. Grain-by-grain examination in transmitted light (with condensing lens inserted to minimize edge effects) revealed cores, small inclusions, zoning complexities, and other imperfections in some grains that were not visible with a binocular picking microscope. In some cases, a second grid of grains was required to identify and recover a sufficient number of grains that were considered acceptable.
Zircons were dissolved in closed Teflon capsules at 210 ЊC for 5 days, in the presence of a mixed 205 Pb-235 U tracer. U and Pb chemistry were conducted in a class 100 clean laboratory equipped with laminar-flow work benches, utilizing minicolumns of 0.1 ml resin volume. Procedural blanks typically were 2 pg for Pb and 0.2 pg for U.
Pb and U were loaded together with silica gel and phosphoric acid onto an outgassed rhenium fila-MCDOWELL et al. ment. U-Pb mass spectrometry was conducted on a Finnegan 261 thermal-ionization mass spectrometer that was initially equipped with five moveable Faraday cup collectors and an axial analog secondaryelectron multiplier collector. During the latter stages of this study the multiplier was replaced with a secondary-electron multiplier-ion-counting system. As indicated in the text, this improvement permitted a significant reduction in sample size requirements.
Ages and errors of individual fractions were calculated using a program written by J. Connelly. Ages, errors, and MSWD values for concordia regressions utilized the program ISOPLOT (Ludwig, 1988) .
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